[1] We investigate long-term deformation due to the Socorro Magma Body (SMB), one of the largest active intrusions in the Earth's continental crust, using interferometric synthetic aperture radar (InSAR) observations and finite element simulations. InSAR data spanning 15 years (1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) indicate that the magma body is associated with a steady crustal uplift at a rate of about 2 mm yr −1 . Previous work showed that while the pattern of surface uplift is consistent with an elastic inflation of a large sill-like magma body, the SMB could not have formed via steady elastic inflation because the latter would be outpaced by magma solidification. We resolve this problem using coupled thermovisco-elastic models, and place constraints on the intrusion history as well as the rheology of the ambient crustal rocks. We demonstrate that observations rule out the linear Maxwell response of the ductile crust, but are consistent with laboratory-derived power law rheologies. Our preferred model suggests that the age of the SMB is of the order of 10 3 years, and that the apparent constancy of the present-day uplift may be due to slow heat transfer and ductile deformation in a metamorphic aureole of a giant sill-like magma intrusion, rather than due to a steady increase in the magma overpressure. The SMB is a contemporaneous example of "magmatic intraplating," a process by which large volumes of mafic melt stall and spread at midcrustal depths due to density or rheology contrasts.
Introduction
[2] Magmatic processes play a fundamental role in the formation and chemical differentiation of the Earth's crust. Observations of a high velocity layer at the base of the continental crust [Mooney and Brocher, 1987] and high seismic reflectivity of the lower crust [Fuchs, 1969; Brown et al., 1987; de Voogd et al., 1988] suggest that considerable volumes of mantle-derived melts were added to the base of the crust through a process termed "magmatic underplating" [Furlong and Fountain, 1986; Bergantz, 1989] . Intrusion of mantle-derived melts into the lower crust results in advection of heat and partial melting of the less refractory host rocks, which (along with other processes, such as differentiation of mantle melts) produces much of the granulite residue and silica-enriched melts that eventually form the upper continental crust [Huppert and Sparks, 1988; Bohlen and Mezger, 1989; Sisson et al., 2005; Annen et al., 2006] . The mechanisms and dynamics of magma ponding in the lower crust (in particular, characteristic deformation rates and timescales), as well as the shape and size of individual intrusions are poorly known. In this paper we discuss long-term geodetic measurements of deformation due to one of the largest and deepest known magma intrusions in the Earth's continental crust, the Socorro Magma Body (SMB) in New Mexico. Previous studies suggested that the SMB is associated with surface uplift occurring at a constant rate of a few millimeters per year [Reilinger and Oliver, 1976; Larsen et al., 1986; Fialko and Simons, 2001; Finnegan and Pritchard, 2009] . We interpret the available geodetic data using coupled thermomechanical models of the magma body's evolution to resolve the "thermomechanical paradox" of the SMB [Fialko and Simons, 2001] , which arises because the expected thermal lifetime of the sill is much less than the thousands of years required for it to grow by steady elastic inflation. We begin with a suite of mechanical models, in which we use geodetic constraints such as the shape and rate of surface uplift and physical considerations such as the range of admissible magma overpressures to estimate the age of the intrusion and constrain the rheology of the crust. We then consider thermophysical models to address the thermomechanical paradox, and assess the importance of thermal effects such as stress relaxation and thermal expansion of melting host rock on the reservoir overpressures. We also discuss implications for the emplacement of giant midcrustal magma bodies and physics of magmatic accretion in the continental crust. Figure 1 ). Although there is currently no active volcanism in the region, the latter experienced substantial magmatic activity since the onset of rifting during the Tertiary [e.g., McMillan et al. 2000] . Upwelling of the asthenosphere has been inferred from teleseismic studies in the rift [Parker et al., 1984] . Upwelling of hot mantle material is presumably responsible for the anomalously high heat flow at the surface [Reiter, 2005] , and magma supply to the crust. At Socorro, seismic studies have discovered an unusually strong reflector with horizontal dimensions of 50-70 km, at a depth of about 19 km [Sanford et al., 1973] . High impedance contrasts and strong conversion phases associated with the midcrustal reflector have been interpreted as requiring the presence of fluid, most likely melt, in the middle crust beneath Socorro [Rinehart and Sanford, 1981; Balch et al., 1997] . The estimated thickness of the melt layer is of the order of several tens of meters, based on modeling of observed micro-earthquake reflections [Ake and Sanford, 1988] . Ake and Sanford [1988] argued that there is a second layer of slightly higher velocity and roughly the same thickness below the melt layer, which they attributed to an earlier partially solidified intrusion. The Earth's crust in the vicinity of the reflector is characterized by high seismicity (the Socorro Seismic Anomaly covers ∼2% of the area of the state of New Mexico but accounts for ∼45% of its seismicity above magnitude 2.5 [Balch et al., 1997] ), anomalously high electrical conductivity [Hermance and Neumann, 1991] , and a long-term uplift. Leveling surveys conducted between 1911 and 1981 estimated average uplift rates of a few millimeters per year [Larsen et al., 1986] . A subsequent study using a limited set of interferometric synthetic aperture radar (InSAR) collected by the ERS-1 and 2 satellites data over a time interval of 7 years between 1992 and 1999 mapped the surface extent of the uplift and showed that deformation associated with the magma body is still ongoing and that the uplift persists at a rate of 2-3 mm yr −1 [Fialko and Simons, 2001] . The apparent constancy of surface uplift due to the SMB is remarkable, given that other neovolcanic areas are characterized by episodic unrest on timescales of months to years [Langbein et al., 1995; Dvorak and Dzurisin, 1997; Chang et al., 2007] , presumably reflecting variations in magma supply from a deep source. Note that the large depth of the inferred magma body, as well as large wavelength and temporal persistence of the observed surface deformation at Socorro suggest that the latter is unlikely to be caused by hydrothermal activity. To establish whether the crustal uplift above the SMB indeed continues at a steady rate, and whether there is any variability in the uplift rate on shorter timescales (e.g., months to years), we requested the European Space Agency to resume radar acquisitions in the Socorro area in 2005. Although the ERS-2 satellite suffered a loss of gyroscopes in year 2000, some acquisitions made in the zero gyro mode since 2005 have radar Doppler values that allow interferometric pairing with earlier data. To quantify the time dependence of surface deformation in the Socorro area, we processed the whole catalog of European Remote-Sensing Satellites ERS-1 and 2 data from the descending satellite track 98. The catalog data consists of several tens of radar acquisitions collected over a time period of 15 years between 1992 and 2007 ( Figure 2 ). We used these data to generate a set of 95 radar interferograms. The data were processed using JPL/Caltech software suite ROI_PAC and a 1 arc second digital elevation model from the Shuttle Radar Topography Mission [Farr and Kobrick, 2000] . We investigated a possible variability in the uplift rates on timescales less than 5 years using subsets of interferograms covering different epochs [Fialko, 2006] . Figure 3 shows the average line of sight (LOS) velocities from 1992-1996, 1996-2000, and 2000-2007 observation epochs derived from stacking of the respective interferograms (Figure 2 ). Interferometric pairs used for stacking were optimally selected to minimize contribution of scenes most affected by the atmospheric noise [Rivet and Fialko, 2007] . LOS velocities toward the satellite are taken to be positive. Dome-like uplift at a rate of 2-3 mm yr −1 can be clearly seen in each of these stacks in the region corresponding approximately with the intersection of the two seismically inferred outlines of the crustal reflector. The data shown in Figure 3 indicate that the inflation of the SMB has occurred at an essentially constant rate over the last 15 years. Note there is also a broad area of subsidence to the south, which may be a result of magma withdrawal from a deeper source, as discussed in section 4. In addition to stacking subsets of interferograms from different epochs, we performed a time series analysis [Berardino et al., 2002; Schmidt and Bürgmann, 2003 ] to investigate possible changes in the uplift rate on timescales less than 5 years. For every coherent Figure 1 . Topography map of the Socorro, New Mexico, region showing the ERS track and frames used in this study. The solid line [Balch et al., 1997] and dashed line [Rinehart and Sanford, 1981] denote the extent of seismic reflector determined by seismic studies. The dotted line is the leveling route from Larsen et al. [1986] study. The open black squares near the center of the SMB and to the south denote areas used for the time series analysis of LOS (see Figure 4 ). interferogram in our data set, we calculated range changes between a ∼30 km 2 area centered on the SMB uplift, and a reference area to the south (see Figure 1) . The obtained range changes (along with the respective time intervals) were assembled into a linear system of equations, which was solved for the time history of LOS displacements using singular value decomposition. The resulting time history is shown in Figure 4 (squares). As one can see from Figure 4 , the inferred rate of deformation appears to be constant within the uncertainty of our measurements. We obtain a non-biased estimate of the uplift rate, using a least squares linear fit to the time series [e.g., Jacobs et al., 2002; Fialko, 2004] as shown in Figure 4 by a solid line. The corresponding LOS velocities are 2-2.2 mm yr −1 , in good agreement with average velocities inferred from stacking ( Figure 3 ) and results of Finnegan and Pritchard [2009] .
Analysis of Geodetic Data
[4] A comparison of the InSAR measurements with the historic leveling data further suggests that the inflation persisted at a steady rate over the last 100 years. Figure 5 shows the average uplift rate as a function of distance along a north-south leveling profile (see Figure 1 ) over a time period 1912 period -1951 period (adapted from Larsen et al. [1986 ), as well as the average LOS velocities derived from the most recent (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) InSAR data along the same profile. As one can see from Figure 5 , both the wavelength and the magnitude of uplift due to the SMB are quite consistent between the different data sets and observation periods.
Modeling of the Emplacement History of the Socorro Magma Body
[5] Elastic models of sill-like magma bodies indicate that intrusions with characteristic horizontal dimensions in excess of the emplacement depth should produce a surface uplift comparable to the intrusion thickness [Fialko et al., 2001a] . Assuming that the inflation rate has been constant since the inception of the SMB, the geodetically measured uplift rate of 2-3 mm yr −1 and the seismically inferred thickness of the SMB of several tens of meters [Ake and Sanford, 1988] suggest the age of the magma body of the order of 10 4 -10 5 years [Larsen et al., 1986] . However, steady elastic inflation of the SMB is not thermally viable Figure 2 . ERS-1 and -2 radar data from track 98 used in stacking. Circles denote radar acquisitions; the size of the circles is proportional to the estimated atmospheric noise in each scene [Rivet and Fialko, 2007] . Numerical labels denote orbit numbers. Horizontal axis represents time, and vertical axis represents a perpendicular baseline (separation between repeat orbits). Solid lines denote interferometric pairs covering 1992-1996 epoch (see Figure 3a) , dashed lines denote pairs covering 1996-2000 epoch (see Figure 3b) , and dotted lines denote pairs covering 2000-2006 epoch (see Figure 3c ). over thousands of years, since the solidification rate of the injected magma would significantly out-pace the elastic opening rate [Fialko and Simons, 2001; Fialko et al., 2001b] . Solidification of a sill due to conductive heat loss to the ambient rocks occurs at an average rate of the order of /w, where w is the intrusion thickness and is the thermal diffusivity of the host rock [Carslaw and Jaeger, 1959] . Assuming a total uplift of the order of the current thickness of the magma body (∼10 2 m) [Ake and Sanford, 1988 ] and = 10 −6 m 2 /s, the solidification rate is of the order of a few tens of centimeters per year. Thus, the geodetically determined rate of sill opening in case of elastic deformation is at least an order of magnitude smaller than the estimated solidification rate, which constitutes the "thermomechanical paradox" of the SMB. Available geomorphologic data suggest that uplift could not have exceeded 100 m since the Pliocene [Bachman and Mehnert, 1978] , and may be less than 50 m [Finnegan and Pritchard, 2009] . This suggests that the total volume of magma injected in the SMB could not significantly exceed the present-day volume inferred from seismic studies [Ake and Sanford, 1988] , unless the intrusion was accommodated by predominantly inelastic mechanisms. Substantial inelastic deformation is implied by the fact that the strain associated with the emplacement of SMB given by the ratio of the characteristic thickness (tens of meters) to the characteristic in-plane dimension (tens of kilometers) is of the order of 10 −3 , well above the elastic limit for rocks (10
-10 −4 ). Similarly, the excess pressure required to produce the observed thickness greatly exceeds the rock tensile strength (∼10 MPa), even if one neglects the stress concentration at the intrusion tips. At the same time, the inference of a predominantly inelastic accommodation of the SMB needs to be reconciled with the fact that the geodetically measured uplift over the last 10 2 years is well explained by models assuming a purely elastic inflation of a source which location and size is consistent with seismic observations: inelastic deformation around a source of the same size would likely produce a broader surface uplift pattern [Fialko and Simons, 2001; Fialko et al., 2001b] .
[6] To resolve the thermodynamic and mechanical problems associated with the emplacement of the SMB we performed a series of numerical experiments that take into account plausible deformation mechanisms and heat transfer associated with intrusion of large crustal sills into the lower crust. We consider a range of emplacement histories. All simulations begin with intrusion of a large magma sheet having initial magma overpressure of up to 10 MPa, after which overpressure is either constant, or changes with time at a constant rate between ±5 kPa yr −1 . Note that these bracketing values of increasing/decreasing pressure rates were chosen as extreme end-member cases, and would be expected to give much larger surface uplift rates than are seen [Balch et al., 1997] and dashed outline [Rinehart and Sanford, 1981] denote the seismically imaged reflector. The north-south trending circles show the from the levelline benchmark locations from the Larsen et al. [1986] study. The dot-dashed line in Figure 3d is the outline of the magma body used in our numerical models. Figure 1 ). Solid line represents the least squares linear fit to the data treating time and LOS displacements as independent variables [Fialko, 2004] .
in the data (in the case of increasing pressure) or subsidence (in the case of decreasing pressure). Purely elastic models, in which all the surface deformation is generated by steadily increasing pressure on the reservoir walls (without accounting for viscoelastic relaxation in the midcrust), require a pressure increase rate of approximately 0.6 kPa yr −1 to fit the uplift data [Fialko et al., 2001b] . Therefore we would expect, in our viscoelastic models, that the rates of pressure increase as high or higher than this value would greatly overpredict surface uplift rates. This is confirmed by the results of our numerical experiments which show that when viscoelastic relaxation is included, pressure increase/decrease rates could not exceed 0.5 kPa yr −1 (section 3.1). [7] We seek models that satisfy the following physical and observational constraints: (1) magma overpressure (i.e., the difference between magma pressure and lithostatic stress) cannot exceed the rock tensile strength. The pressure boundary condition is applied at the walls of the reservoir.
(2) The rate of mechanical opening of the magma reservoir walls due to magma overpressure must out-pace the rate of solidification. (3) The rate and shape of the concomitant crustal uplift over the last 100 years must be consistent with geodetic data. The goal of these experiments is to determine a physically reasonable pressure history within the SMB, estimate the age of the intrusion, and constrain the rheology of the host rocks.
[8] Time-and temperature-dependent simulations of deformation due to intrusion of a large sill-like magma body were performed using the finite element code ABAQUS. We assumed a depth of emplacement of 19 km based on seismic data [Sanford et al., 1973; Ake and Sanford, 1988; Balch et al., 1997] . The initial geometry of the magma body was inferred by fitting the InSAR data with boundary element models assuming elastic deformation and an excess pressure that increases with time at a constant rate. The inferred sill geometry (see dotted outline in Figure 3d ) was then used to generate a finite element mesh (see Figure 6 ). The mesh represents a cube with an edge length of 300 km. The sides and bottom of the mesh are prescribed zerodisplacement boundary conditions, and the top is stress-free. The uppermost 12-km thick layer is taken to be elastic, based on the depth distribution of earthquake hypocenters [Rinehart and Sanford, 1981; Stankova et al., 2008] . Because the SMB is located in the middle crust, well below the brittle-ductile transition, it is reasonable to assume that the intrusion of magma is accompanied by a significant ductile flow of the host rocks. The ductile response of the ambient crust is likely enhanced by elevated geotherms below the Rio Grande Rift, as well as by the advected specific and latent heat of magma. Our simulations tested a variety of rheologies for material below the brittle-ductile transition, including linear Maxwell and power law rheologies. A constitutive relationship for a viscoelastic material is given by the following expression [Kirby and Kronenberg, 1987; Ranalli, 1995] :
where _ is the strain rate (units of s −1 ), A is the power law coefficient (Pa −n s −1 ), s is the deviatoric stress (Pa), n is the power law exponent, Q is the activation energy (J mol −1 ), R is the universal gas constant (J mol
, T is the temperature (K) and E is the Young's modulus (Pa). Effective viscosity of a power law material can be expressed as
For the special case of a Maxwell material (n = 1), effective viscosity is e (Q/RT) /2A. Initial simulations were performed for the simplified case of temperature-independent power law rheology of the form _ = Cs n + _ E to constrain the power law exponent and the pre-multiplying coefficient C. Here, C is a constant that replaces A e (−Q/RT) in equation (1). In these models, the middle and lower crust are treated as a uniform material with rheological properties which are independent of composition or temperature. Our estimates of C therefore provide an approximate "average" value of Ae (−Q/RT) for the bulk of the lower crust.
[9] In the first set of temperature-independent models we apply a constant overpressure of 10 MPa within the reservoir, and examine the rate and pattern of uplift for the Maxwell rheologies (n = 1) with viscosities varying from 10 17 to 10 19 Pa s, power law rheologies with n varying from 2.5 to 3.5, and C varying from 10 −14 to 10 −16 MPa −n . Geodetic data indicate that the SMB did not expand laterally over the last 100 years ( Figure 5 ). All simulations assume a Young's modulus of the host rocks of 20 GPa (lower than the seismically inferred values, to account for a likely frequency dependence of the elastic moduli of the crust).
Results of Mechanical Modeling
[10] Predicted surface displacements are highly sensitive to the model rheology. Figure 7a shows the time histories of uplift rate for five trial rheologies: two Maxwell models with viscosities of 10 18 Pa s and 10 19 Pa s and three power law models with power law exponents of 3.5 and power law [Larsen et al., 1986] ) and LOS velocity inferred from InSAR data (hollow circles) from the 2000-2006 stack (see Figure 3c ), along the leveling route (see Figures 1 and 3 19 Pa s respectively, for a deviatoric stress of 10 MPa).
[11] The initial elastic uplift of approximately 8 m at the onset of emplacement is followed by a fairly rapid viscoelastic response. Note that purely elastic models require that the surface uplift rate and the rate of volume increase of the magma reservoir be directly proportional to the rate of increase of magma overpressure within the reservoir; thus if we apply an instantaneous pressure of 10 MPa at the beginning of the simulation and keep it constant thereafter, the elastic solution for surface displacement would show an initial jump to 8 m and remain at that value, and surface uplift rates would be zero.
[12] The viscoelastic models entail a more complex relationship between the rates of uplift, overpressure and magma supply. In particular, viscoelastic models predict surface uplift even if magma overpressure is maintained at a constant value, as relaxation of deviatoric stresses in the host rock induces additional deformation in the rest of the crust, as well as gives rise to a continued increase in the volume of the magma reservoir. Both the rate of uplift and the rate of increase of the reservoir's thickness (and thus the rate of volume increase) decay with time according to the viscoelastic relaxation time. Figure 8 shows the rate of increase of the thickness of the sill at its center, for four of the example rheologies tested in our mechanical models. Figure 8a shows the total uplift at the surface, and Figure 8b shows the thickness of the reservoir at its center. We point out that in these temperature-independent calculations melting in the host rock is not considered, so increases in the reservoir volume imply influx of new magma. In contrast with the elastic case (for which surface uplift rates are equal to rates of increase in the sill thickness), viscoelastic deformation allows the sill thickness to increase at a much higher rate compared to the surface uplift. Enhanced opening of the sill helps offset the effects of solidification. Given a constant overpressure, the uplift rate due to viscoelastic relaxation decays over time, at a rate which depends on the ductile properties of the host rocks. The age of the initial emplacement therefore has a strong control on the calculated uplift histories.
[13] All of the tested models produce surface uplift rates of 2-3 mm yr −1 at some point within 3500 years of the initiation of emplacement. In general, lower effective viscosities of the host rocks lead to the observed uplift rates sooner, and create reservoirs that open faster; however, they also result in surface uplifts that are much broader than the observed one. Figure 7b shows the uplift rate along a profile through the center of the uplift for three of the test rheologies, taken at times when the peak uplift rate is approximately 2.5 mm yr −1 : the Maxwell model with viscosity 10 19 Pa s, and the power law models with exponent 3.5 and power law coefficients of 10 −15 and 10 −16 MPa −n . The broadening of the surface uplift is most sensitive to the power law exponent, with lower powers producing a much worse fit to the data for a given effective viscosity. In particular, the Maxwell rheologies create much broader patterns of surface uplift compared to the observed one, even on timescales of 100 years or less. This misfit cannot be circumvented just by using higher viscosities: increasing the viscosity causes the reservoir to open more slowly, effectively reducing the solution to the elastic one. Thus there is a trade-off between keeping the surface uplift narrow enough, and allowing the reservoir to open fast enough to avoid solidification. None of the Maxwell models can resolve this trade-off. Models using Maxwell rheology might be reconciled with the geodetic data if one assumes a smaller initial size of the SMB, such that the broadening of the uplift over time may produce the present uplift pattern. However, as seen in Figure 7b , the broadening of the uplift pattern for the Maxwell rheology is significant over the time required to bring the surface uplift to its current rates (almost a factor of 3), and thus an intrusion with substantially smaller horizontal dimensions would be required in order for the model results to match the current uplift rates. This is problematic for a number of reasons. First of all, a much smaller sill would not be consistent with the seismically inferred boundaries of the crustal reflector. In addition, solidification rates are higher for a smaller reservoir, so its thermal lifetime would be reduced. Finally, smaller reservoirs would require unrealistically high initial overpressures to achieve the observed uplift rates. A slight asymmetry in the predicted displacement in case of the Maxwell model (see Figure 7b ) is due to the asymmetry of the source (a benchmark simulation with an axially symmetric penny-shaped crack produces an axisymmetric displacement pattern).
[14] The trade-off between the uplift shape and the reservoir thickness is fortuitous in that it considerably narrows the range of candidate rheologies. We find that the observational constraints are best met by using a power law relationship with exponent n = 3.5, and multipliers of the order of 10 −16 MPa −n s −1 (corresponding to an effective viscosity of the order of 10
19 Pa s at deviatoric stresses of 10 MPa). Viscosities an order of magnitude higher lead to intrusions that open too slowly to avoid solidification, and viscosities an order of magnitude lower lead to surface uplift patterns that broaden too quickly. For our best fit rheology, the surface uplift reaches a rate of 3 mm yr −1 at about 1400 years after emplacement, and decays to 2 mm yr −1 by about 2500 years after emplacement. The total reservoir thickness at t = 1400 years is approximately 60 m (yielding an average opening rate of 4.3 cm yr −1 ), and at t = 2500 years the reservoir thickness is about 75 m (average opening rate of 3 cm yr −1 ). However, by t = 1700 years, the uplift pattern is becoming too broad. Thus the time of 19 Pa s (at t = 2600 years), and power law models with power law exponent 3.5 and effective viscosities of 10 18 Pa s (at t = 4000 years) and 10 19 Pa s (at t = 1900 years). Note that the Maxwell models produce a characteristic eventual "sagging" of the velocity profile above the center of the intrusion. emplacement based on this model is estimated between about 1400 and 1600 years ago, with the best fit at about 1500 years after the emplacement. The average reservoir opening rate is of the same order of magnitude as the average solidification rate, with the most rapid opening occurring in the early stages, thereby allowing the reservoir to evolve to its present state without intermittent solidification.
[15] Numerical experiments with variable pressure histories indicate that the initial excess pressure may be lowered somewhat if the pressure is allowed to increase with time. Physically, this can be interpreted as injecting a smaller amount of magma during the initial pulse, but then adding magma at a rate that is larger than the injection rate required to keep the overpressure constant during viscoelastic relaxation. In our experiments we tried initial overpressures as low as 5 MPa, but found that there was a minimum starting overpressure below which pressure increase rates greater than 0.5 kPa yr −1 would be required to explain the current thickness of the magma body; such pressure rates, however, tend to overpredict the current uplift rates [Fialko et al., 2001b] . Models with higher initial overpressures lead to the most rapid early opening of the reservoir, and are more likely to be thermally viable, as well as more consistent with the seismically inferred thickness of the reservoir. Decreases in the excess pressure since the emplacement (e.g., due to crystallization, degassing, or melt loss via satellite intrusions) produce uplift rates that decay more rapidly with time. However, we found that if magma pressure is decreased by more than about 0.5 kPa yr , then the uplift rate is predicted to change noticeably within the 100 year interval when the average uplift rate is of the order of millimeters per year, contrary to the geodetic constraint of a steady uplift. Our calculations bracket the initial overpressures between 8 MPa and 10 MPa, rate of pressure change between ± 0.5 kPa yr −1 , and the time of emplacement between 900 and 1600 years ago.
Effects of Heat Flow and Temperature-Dependent Rheology
[16] Results from temperature-independent models allow us to narrow down the plausible range of power law parameters and intrusion ages that satisfy thermodynamic and geodetic constraints on the history of the SMB, however they ignore the effects of heat transfer on the rheology of the host rocks adjacent to the magma body. To investigate such effects we used fully coupled thermomechanical models accounting for the conductive heat loss from the SMB and the temperature-dependent viscosity of the ambient crust. We adopt the best fitting temperature-independent rheology and explicitly include the Arrhenius factor e (Q/RT) , with Q = 260 kJ mol −1 K −1 [Kirby and Kronenberg, 1987] . Temperature-dependent calculations assume the initial host rock temperature of 870 K, and magma temperature of 1520 K. We tested a range of the initial host rock temperatures and found that the model predictions are not very sensitive to the assumed initial temperature, as long as the viscoelastic relaxation times of the heated host rock are small compared to the age of the intrusion. The latter condition is met for the rock temperature in excess of 900 K, and the age of the intrusion in excess of 10-10 2 years. The exponential temperature dependence of the Arrhenius factor leads to a sharp transition from material whose characteristic relaxation time is many orders of magnitude below the inferred timescale of the intrusion (i.e., 10 3 years) to material which can maintain some stresses over that time period (in this case, our best fitting rheology, whose decay curves can be seen in Figure 7a ). Thus there is effectively a boundary of undetectable thickness, over which the viscosity changes from the "cold" rheology, to material with viscosities so low that it would not be able to support any appreciable deviatoric stress on the timescale of geodetic observations (1-10 2 years).
[17] Conductive heat loss from the magma reservoir results in enhanced relaxation of deviatoric stress in the adjacent ductile crust and increased uplift rates. This is because the expanding halo of hot low-viscosity material surrounding the reservoir is mechanically equivalent to an increase in the effective size of the reservoir for a given magma overpressure [Dragoni and Magnanensi, 1989; Newman et al., 2006] . Viscous relaxation is most pronounced at the periphery of the intrusion, resulting in a significant blunting of the tips and reduction in the stress concentration. This relaxation may effectively limit lateral propagation of magma sills, as well as prevent climbing of sills with large diameter-to-depth ratios toward the Earth's surface expected in case of the elastic-brittle response of the host rocks [Fialko, 2001] .
[18] Ductile flow of the host rocks may also considerably alter the shape of the reservoir. Figure 9 shows a comparison of the reservoir shapes for elastic and thermally activated power law rheologies. Elastic models predict that for intrusions with the characteristic horizontal dimension in excess of the intrusion depth, most of the reservoir opening is accommodated by uplift of the roof [Fialko et al., 2001a ]. In contrast, large sill intrusions in the ductile middle and lower crust may have a nearly uniform thickness and grow predominantly by depression of the bottom of the sill, due to a buttressing effect of the elastic upper crust. In this case, the total amplitude of surface uplift may be much smaller than the average thickness of the intruded sill.
[19] We note that the enhanced relaxation due to temperature-dependent rheology is confined to a conductive boundary layer around the intrusion, and does not substantially affect the wavelength of the surface uplift compared to temperature-independent models at a given time after the onset of intrusion. Thus our choice of power law parameters, which was constrained by the broadening of the uplift pattern, is not altered by adding in the temperature dependence. The latter, however, allows one to reduce the initial overpressure, as the uplift rates for a given applied overpressure are larger due to the the expanding halo of low-viscosity material. Based on a number of simulations, we find that initial pressures that are lower than 7 MPa create reservoirs that are thinner than suggested by seismic data, at the time when the surface deformation fits the geodetic data. Initial pressures higher than 7 MPa increase the age of the emplacement so that the surface deformation pattern becomes too broad at the time when the predicted uplift rate matches the observed one. Using an initial overpressure of 8 MPa, for instance, the observed uplift rate is reached at approximately 2300 years after the onset of intrusion, but by that time the uplift pattern is already much too broad to fit the InSAR data. Figure 10 shows a comparison between the InSAR data and predictions of our best fitting temperaturedependent model assuming the age of the SMB of 1430 years, and the excess magma pressure of 7 MPa. The predicted reservoir thickness at t = 1430 years is about 42 m, implying an average opening rate of about 3 cm yr −1 .
[20] These coupled thermomechanical calculations did not explicitly include phase transitions or thermal expansion. Thermal expansion of the host rock may also generate uplift (and thus contribute to the total effective overpressure assumed in our mechanical models), although the expansion of the host rock is partially offset by the contraction of the cooling magma. A more significant effect would be expected from density changes associated with phase changes: when hot basaltic magma is injected into the crust, melting of the host rock (which presumably generates magma of a more silicic composition) occurs as the basalt solidifies [Huppert and Sparks, 1988; Annen and Sparks, 2002] . Again, effects of the expansion associated with melting of the host rock would be at least partly offset by contraction of the solidifying basalt. However, since the crustal rock and basaltic intrusion likely have different solidi and latent heat of fusion (approximately 550 kJ/kg for basalt versus ∼350 KJ/kg for crustal rocks), the volume of host rock melt is expected to exceed the volume of the solidifying basaltic intrusion, and some host rock melt may remain even after the intruded basalt has completely frozen. Fully coupled mechanical and thermal simulations quantifying the relative contributions of magma injection rate, thermal expansion and phase changes to the total uplift are beyond the scope of this paper. Instead, in section 3.3 we present a thermodynamic model that lends support to inferences from our viscoelastic simulations. In particular, we will show that the scenario represented by our best fitting mechanical model is, in fact, consistent with the present-day existence of melt, for a plausible range of assumptions about the thermal history of the region. Based on the results of these experiments, we will also argue that the seismic reflection anomaly beneath Socorro most likely represents melted host rock rather than basalt from the original magma intrusion. Finally we will demonstrate that expansion associated with melting of the host rocks can produce overpressures of the same order of magnitude as those estimated from our mechanical modeling, so that this mechanism alone can sustain the uplift, without requiring any further addition of basalt.
Thermal Viability of the SMB
[21] Our best fitting viscoelastic model (ignoring thermal effects) assumed a constant overpressure of 10 MPa, and a power law rheology with a power law exponent of 3.5 and an effective viscosity of 10 19 Pa s for deviatoric stresses of 10 MPa. This model generates uplift of 2.5 mm yr −1 and an approximately 70 m thick magma body 1400 years after the initial emplacement (see Figure 8b ). In the presence of solidification, such thickness is not large enough to explain the seismologic inference of a contemporaneous melt layer with thickness of the order of tens of meters. In fact, a reservoir with a fixed thickness of 70 m is expected to completely solidify on a timescale of approximately 100 years. Here we explore a possibility that the seismic reflector represents the residual silicic magma generated by melting of the host rocks. First, we model the instantaneous emplacement of a 70 m thick basaltic sheet. Simulations are performed using the finite element software ABAQUS. The initial temperature within the reservoir is set at 1520 K, and the initial host rock temperature is assumed to be 870 K (corresponding to the geothermal gradient of 30 K/km [Reiter, 2005] ). The simulations allow phase changes within both the reservoir and the host rock. We use a latent heat of fusion of 550 kJ/kg for the basalt and 350 KJ/kg for the host rock. The solidus temperature of the basalt is assumed to be 1270 K and the solidus temperature of the host rock is assumed to be 1120 K. Simulations indicate that the basaltic sill solidifies within 100 years; while the host rock melt is initially produced, it also solidifies in less than 250 years if no more magma is injected. Figure 11 shows the temperature profile from the center of the basaltic sill to a distance of 300 m, at 93 years after the initial intrusion (solid line in Figure 11 ). Abscissa represents distance (in meters) from the center of the intrusion; the basalt layer ends at x = 35 m.
There is no remaining melt above the solidus temperature of basalt (1270 K), so the initial intrusion is frozen. However, there is a significant amount of host rock that is above the solidus temperature of 1120 K. Dashed line in Figure 11 shows the same profile at 230 years after the intrusion: by this time, there is no remaining host rock melt. We conclude that under these conditions, our best fitting mechanical model would not be expected to retain any seismically detectable melt after 1400 years. As discussed in section 3.2, decreases in the viscosity that allow for larger reservoirs also lead to misfit with the observed shape of the surface uplift, and increases in the initial thickness results in unrealistic overpressures. We note that large effective overpressure may in principle be used to simulate the effect of multiple intrusions that tightly cluster in space and time. However, we found that a 20 MPa overpressure at least doubles the time required to achieve uplift rates of 2-3 mm yr −1
. Allowing viscoelastic relaxation to continue for this long leads to a large misfit with the shape of the surface uplift, even for viscosities as high as 10 19 Pa s. Pressure could be steadily decreased from the original value of 20 MPa to force the desired uplift rates at 1400 years (which occurs if pressure is lowered at a rate of approximately 3 kPa yr −1 ), but even then, the uplift pattern still does not fit the data.
[22] Another variable affecting the thermal lifetime of the intrusion is the ambient temperature. It is recognized that extensional tectonics and/or previous magma intrusions may substantially raise the host rock temperature and produce long-lived thermal anomalies. Such anomalies may allow episodic basaltic intrusions as thin as 50 m to produce large volumes of crustal melt [Annen and Sparks, 2002] . To explore the effect of potential deviation of temperature in the middle crust beneath Socorro from the normal geothermal gradient, we introduce a local temperature anomaly at depth of the SMB, as shown in Figure 12 . This anomaly is introduced by "preheating" the crust with two intrusions 1000 years apart and is used as an initial condition for the best fitting mechanical model. We point out that the assumed elevated temperature of the crust at the emplacement level of the SMB admit multiple explanations, and the profile shown in Figure 12 is merely an example. We find that following the emplacement of a 70-m thick basaltic sill into the preheated host rock, some basaltic melt remains for up to 340 years, and large volumes of silicic melt are produced ( Figure 13, solid line) . At 1400 years after the intrusion (Figure 13 , dashed line) a significant amount of host rock melt remains (at least 100 m on each side of the intrusion). These simulations lend support to the hypothesis that the long-term geodetic uplift and seismic inferences of a thin melt layer are most consistent with melting of the host rocks due to intrusion of mantle magma into a preheated middle crust beneath Socorro.
[23] As noted above, expansion of the melting host rock may be an additional source of overpressure which drives uplift. As long as some basaltic melt remains, the pressure drop associated with contraction of the solidifying basalt will offset the pressure increase associated with expansion of the melting host rock. In these early stages, the overpressure within the reservoir is most likely maintained predominantly by continued influx of new magma. Once the basalt solidifies completely, the remaining host rock melt may continue to exert overpressure. The amount of overpressure supplied by the remaining layer of melt is Dp ∼ DV/(Vb), where DV/V is the fractional change in volume that accompanies melting and b is the compressibility of the melt. Assuming a fractional volume increase of ∼1% on melting, and a melt compressibility of 10 −9 Pa −1 , this gives an overpressure of approximately 10 MPa. Therefore even if the supply of new basaltic magma is cut off and no basaltic melt remains, the host rock melt may maintain an overpressure of approximately the same magnitude that we used in our mechanical models. These examples illustrate that despite its relatively short thermal life time, a 70 m basaltic magma reservoir may have a sufficient thermal inertia, both from increase in the effective size of the reservoir due to relaxation of stresses in the expanding halo of low-viscosity material surrounding the reservoir, as well as from volume changes associated with melting of the host rock. These can be viewed as effective contributors to the overpressure prescribed in our mechanical models. Even if injection of new magma is stopped after a few hundred years, the rapid initial emplacement of a large volume of magma can generate the observed uplift on timescale of 10 3 years. [24] We point out that this 70 m per 1000 year intrusion rate is an example designed to illustrate how effective repeated intrusions can be in prolonging the thermal lifetime of an individual intrusion, but presumably in the case of SMB, a much lower frequency of intrusion would suffice. However, as demonstrated by Annen and Sparks [2002] , rates of repeated intrusion less than about 50 m per 100,000 years are too low for large-scale melt generation. This in particular Figure 12 . The temperature profile resulting from two repeated (superimposed) 70 m intrusions, occurring 1000 years apart. The solid profile shows temperature as a function of vertical distance from the center of the intrusion, 1000 years after the second intrusion. This profile was used as an initial condition for our simulation of the thermal evolution of the SMB. The dashed line shows the temperature profile 1000 years after the first intrusion, but before the second, for comparison. The initial condition, before any intrusions, was T = 1520 K inside the intrusion, and T = 900 K outside. The vertical grey line shows the host rock solidus. Figure 11 . The solid line gives the temperature profile at 340 years after the intrusion. All of the basalt layer is below the solidus temperature (1270 K). However, a large volume of host rock remains above the crustal solidus (1120 K, represented by the vertical grey line). The dashed line shows the temperature profile for the same intrusion, 1400 years after its emplacement. Although no basaltic melt remains, close to 100 m of the host rock remains above the solidus. reinforces our claim that there is no way to produce a presentday melt layer, especially not a melt layer of thickness on the order of tens of meters, by slow steady injection of magma on timescales greater than 10 4 years.
Discussion and Conclusions
[25] Using numerical modeling (including both mechanical and thermal considerations) constrained by geodetic data, we have presented a scenario for the development of the Socorro Magma body which (1) explains the shape and rates of uplift seen in the geodetic data, (2) is consistent with seismic estimates of the location and depth of the chamber and (3) is thermally viable based on plausible thermal histories of the region -and thus resolves the thermomechanical paradox.
[26] Results of our numerical experiments suggest that the unusually constant uplift around Socorro may not be indicative of a steady magma injection, but may instead represent ductile relaxation of the lower crust and large thermal inertia of the SMB. This interpretation does not preclude a continued supply of new melt into the SMB over its history (e.g., as observed in other neovolcanic areas). The respective magma flux decays with time and cannot significantly exceed the calculated rate of viscoelastic increase in the SMB volume.
[27] From the mechanical modeling, we conclude that the steady uplift rate can be well-explained by a rapid intrusion followed by viscoelastic deformation, without appealing to a slowly inflating sill in an elastic crust (which we reject on the grounds that the required rate of growth of the sill would be outpaced by orders of magnitude by the rate of solidification of the intrusion). Our suggestion that the intrusion must have begun as a rapid emplacement of a sizable magma sheet is based on the fact that very slow, gradual opening would be impeded by rapid solidification (even in the presence of a localized thermal anomaly), which means that the intrusion needs a reasonable "head start" in order to preserve melt on timescales of the order of 10 2 -10 3 years. In addition, the amount of overpressure exerted on the chamber walls in that initial pulse must be substantial (of order of megapascals), because exerting a significantly smaller amount of overpressure in the initial intrusion would reduce the subsequent viscoelastic opening rate of the chamber.
[28] The available data also allow us to make robust inferences about the effective rheology of the Earth's crust below the brittle-ductile transition within the Rio Grande Rift. In particular, our mechanical models rule out linear Maxwell rheology of the middle and lower crust. Our inference of a power law midcrustal rheology at Socorro follows from geodetic constraints of the surface uplift patterns, and is independent of any assumptions about heat flow, or about what specific contributions are being made to the pressure within the sill. The best fitting power law rheology with thermally activated creep is consistent with laboratory data [Kirby and Kronenberg, 1987] as well as the transient response of the lower crust and upper mantle following large earthquakes [Freed and Bürgmann, 2004] and deglaciation [Wu, 2001; Gasperini et al., 2004] .
[29] Based on results of our simulations of heat transfer associated with the emplacement of the SMB, we argue that the magma overpressure is unlikely to be sustained only by continual intrusion of new basalt. Results of the thermodynamic analysis confirm our conclusions from the mechanical modeling, demonstrating that (1) our mechanical model estimates of rapid emplacement of a magma sheet, followed by viscoelastic uplift on timescales of thousands of years, is consistent with what would be thermally viable in a volcanic region such as Socorro, within the range of plausible thermal histories of the region; and (2) our estimates of the magnitude of the overpressure, based on the outcome of mechanical modeling, are consistent with a combination of basalt intrusion, expansion associated with host rock melting, and relaxation of stresses in a hot halo surrounding the chamber.
[30] Geodetic and seismic observations of the SMB are instructive for understanding the dynamics and timescales of events involved in magmatic accretion of the Earth's continental crust. Emplacement of large mafic sills is believed to play a key role in the crustal genesis [Huppert and Sparks, 1988; Laube and Springer, 1998; Petford et al., 2000] , however the timescales and rates of individual intrusions remain poorly constrained despite numerous geochemical, petrological and geophysical studies [Hawkesworth et al., 2004] . Theoretical arguments suggest that the emplacement of large crustal sills in extended terrains should preferentially occur at the crust-mantle boundary [Parsons et al., 1992] . This is because deviatoric stresses supported by the lower crust may be small compared to deviatoric stresses in the uppermost mantle, so that dikes that arrive from the mantle may switch the direction of the minimum compressive stress above the Moho from horizontal to vertical if the excess magma pressure overwhelms the deviatoric stress in the crust, thereby encouraging subsequent magma emplacement in sills. At the same time, all giant magma bodies discovered in the Earth's continental crust by seismic studies, including the SMB, the Altiplano-Puna magma body (South America) [Chmielowski et al., 1999; Yuan et al., 2000] and the Tibet magma body [Nelson et al., 1996; Brown et al., 1996] are located at depths of about 20 km, and are best characterized as magmatic "intraplates" rather than "underplates". Ubiquitous seismic "bright spots" that presumably manifest active or crystallized magma sills also commonly reside at depths between 15 to 20 km, i.e., well above the Moho [Lachenbruch et al., 1985; de Voogd et al., 1988; Jarchow et al., 1993] . These observations, along with recent geological and petrological inferences of prevalent magmatic accretion at midcrustal depths [Barboza and Bergantz, 2000; Yoshino and Okudaira, 2004] lend support to the idea that the ascending mantle melts may be trapped at various levels within the continental crust. It so, both the lower and middle crust may be involved in anatexis and generation of silicic magmas. The mechanisms for trapping of large volumes of mantle melts may be different. Rheological contrasts such as the one proposed at the Moho might be responsible for underplating [Parsons et al., 1992] , although the long-term strength of the lower crust versus upper mantle is a matter of debate [e.g., Jackson, 2002; Pollitz et al., 2001; Fialko, 2004; Barbot et al., 2008] . However, the mechanism considered by Parsons et al. [1992] is not applicable in the middle crust, unless the ductile strength of the crust increases with depth. Therefore the depth of magmatic intraplating must be controlled by other mechanisms -for example, the so-called level of neutral buoyancy for mantle-derived melts [Bradley, 1965; Herzberg et al., 1983; Ryan et al., 1983; Lister and Kerr, 1991; Ryan, 1993 Ryan, , 1994 . We point out that the level of neutral buoyancy may be a necessary but not a sufficient condition for emplacement of sills in the middle crust. Dikes that transport magma from a deep source will have little tendency to turn into sills at the level of neutral buoyancy if the least compressive stress remains horizontal at that level, as expected in areas of extensional tectonics such as the Rio Grande Rift. Instead, dike intrusions will spread laterally in the direction of the intermediate principal stress and (eventually) solidify, reducing the differential stress in the crust. If magma influx overwhelms tectonic extension, the least compressive stress will first reach a lithostatic value at the level of neutral buoyancy because the excess magma pressure is greatest at that level [e.g., Fialko and Rubin, 1998 ]. Subsequent magma supply in dikes will further increase the horizontal stress, and sill intrusions may be initiated. For this reason exposures of early, transcrustal dike swarms along old continental rift zones [Cather, 1990; Mohr, 1992] do not preclude the possibility that the emplacement of sill intrusions at midcrustal levels is controlled by the density contrasts between the magma and the host rocks. The Socorro Magma Body is a vivid example of an ongoing emplacement of a large midcrustal sill in an active continental rift. The observed rates of extension in the Rio Grande Rift are low [Savage et al., 1985] , implying that switching of the principal stresses in the crust may be accomplished with relatively minor magmatic input.
[31] The geodetically measured steady state uplift rate due to the Socorro Magma Body of a few millimeters per year is intriguingly similar to the average growth rates of large crustal plutons deduced from geochronologic studies Hawkesworth et al., 2004; Matzel et al., 2006] , which suggests similar governing mechanisms, regardless of differences in tectonic environments. As discussed in section 2, the historic uplift rate ( Figure 5 ) underestimates the average growth rate of the SMB, perhaps by as much as an order of magnitude, because the historic uplift doesn't account for the initial sill intrusion, and because the intrusion is accommodated primarily by the floor depression (rather than by roof uplift). At the same time, it is recognized that the emplacement of large plutons may be highly non-steady and involve multiple episodes of sill intrusions Glazner et al., 2004; Matzel et al., 2006; Annen et al., 2006] . Taking our inferred emplacement history of the SMB at face value, the average rate of sill opening of ∼50 mm yr −1 (70 m over 1400 years) and the magma flux of order of 3-5 × 10 −2 km 3 yr −1 (corresponding to the effective sill radius of ∼15 km) may be consistent with the geochronologically estimated rates of the pluton growth if the average "recurrence" interval of the magmatically robust episodes is of the order of 10 4 years.
[32] A "bottom-down" growth of the SMB predicted by our models (see Figure 9 ) is able to explain a modest (if any) total uplift at the Earth's surface suggested by geomorphologic data [Bachman and Mehnert, 1978; Finnegan and Pritchard, 2009] and is consistent with geologic observations of exhumed plutons [Paterson and Fowler, 1993; Cruden, 1998; Grocott et al., 1999] . We point out that our simulations do not include withdrawal of melt from a presumed mantle source, and are applicable even in the case of a deep or laterally distributed source. If the source region feeding the SMB is shallow (e.g., lies above the Moho) one may expect a "piston" or "cantilever"-type subsidence of the lower-crustal block between the inflating SMB and the deflating magma source [e.g., Cruden, 1998 ]. Such a deformation mechanism might manifest itself via subsidence at the periphery of uplift due to the SMB [Fialko and Simons, 2001] . Steady subsidence to the south of the SMB apparent in the InSAR data (see Figure 3 ) might be related to magma withdrawal from a deep source and a complex ductile response of the lower crust to the emplacement of the SMB, although additional studies are required to explore such a possibility.
[33] Taken together, thermodynamic, geodetic, and seismic constraints provide useful insights into the timing and vigor of the latest intrusion event associated with the SMB. Observations appear to be best explained by a rapid emplacement of a large magma sill into preheated crust about 10 3 years ago, followed by melting of the host rocks due to their lower solidus compared to the mantle-derived magma (presumably of mafic composition). Note that once an intrusion and the surrounding melted host rock have both solidified completely, there is no excess pressure to drive further uplift. As shown by our thermodynamic experiments as well as previous studies [e.g., Annen and Sparks, 2002] , injected melts solidify rather quickly, whereas the thermal anomalies produced by them last considerably longer. Thus it is likely that previous (if any) intrusions at Socorro had solidified by the time the latest event was initiated, while still leaving behind a thermal anomaly that allowed the most recent intrusion to continue to drive the present-day uplift.
